The Mediterranean fruitfly Ceratitis capitata (medfly) is an invasive agricultural pest of 42 high economical impact and has become an emerging model for developing new genetic 43 control strategies as alternative to insecticides. Here, we report the successful adaptation 44 of CRISPR-Cas9-based gene disruption in the medfly by injecting in vitro pre-assembled, 45 solubilized Cas9 ribonucleoprotein complexes (RNPs) loaded with gene-specific sgRNAs 46 into early embryos. When targeting the eye pigmentation gene white eye (we), we 47 observed a high rate of somatic mosaicism in surviving G0 adults. Germline transmission 48 of mutated we alleles by G0 animals was on average above 70%, with individual cases 49 achieving a transmission rate of nearly 100%. We further recovered large deletions in the 50 we gene when two sites were simultaneously targeted by two sgRNAs. CRISPR-Cas9 51 targeting of the Ceratitis ortholog of the Drosophila segmentation paired gene (Ccprd) 52 caused segmental malformations in late embryos and in hatched larvae. Mutant 53 phenotypes correlate with repair by non-homologous end joining (NHEJ) lesions in the 54 two targeted genes. This simple and highly effective Cas9 RNP-based gene editing to 55 introduce mutations in Ceratitis capitata will significantly advance the design and 56 development of new effective strategies for pest control management. 57 58 59 60 61 62 63 64 65 The Mediterranean fruitfly Ceratitis capitata (medfly) is an economically relevant 66 agricultural pest infesting more than 260 crop species, including fruits, vegetables, and 67 nuts 1 . Wild populations can be contained by the Sterile Insect Technique (SIT), an 68 eradication strategy based on the repeated release of large numbers of factory-grown 69 sterile males into infested areas 2,3 . C. capitata was the first non-Drosophilidae insect 70 species in which transposon-mediated germline transformation was established 4,5 .
Introduction
embryos (data not shown), also at 300 mM KCl, confirmed the lack of deletion between 146 the two targeted sites by PCR analysis on genomic DNA. The absence of a deletion 147 spanning the two targeted sites less than 100 bp apart can be explained, for example, by 148 steric hindrance which prevents that two adjacent Cas9-sgRNA complexes can cut both 149 sites simultaneously. Indeed, when injecting simultaneously we-g2 and we-g3 RNPs (in 150 300 mM KCl) in early embryos, we did recover deletions spanning the 2 more distant 151 targeted sites, ranging from 304 bp to 651 bp (Fig. 1F) . To test for germline transmission of Cas9-induced we alleles, 9 injected G0 red eyed flies 157 (3 we-g1/RNP flies and 6 we-g2 RNP flies; Tab. 3) were individually crossed with we-158 mutant partners (carrying a w1 allele having a frameshift mutation in the sixth exon 32 ; 159 Genbank AH010565.2). Seven injected flies sired G1 progeny, six of which gave rise to 160 mutant white eye flies ( Fig. 2A) , with a highly variable transmission rate (1.5% -100%; 161 Tab. 3). Non-complementation of the CRISPR-Cas9-induced mutations confirms that 162 they are allelic to the original we mutation ( Fig. 2A) . Of the three we-g1 injected 163 individuals, two males sired small batches of progeny in which 100% (we-g1#1; 6 flies) 164 and 45% (we-g1#2; 10 out of 22), respectively, displayed the mutant phenotype (Tab. 3).
165
Of the six we-g2 injected individuals, 4 males produced various proportions of G1 mutant 166 white-eyed progeny. Remarkably, the we-g1#1 and we-g2#5 lines gave rise to 100% and 167 98% G1 white-eyed offspring, respectively (Tab. 3). Thus, our results demonstrate that 168 Cas9 activity is highly effective in the germ line, producing mostly mutant primordial 169 germ cells.
170
We randomly chose 4 out of 16 G1 we-g1-targeted mutant flies (two from we-g1#1 cross 171 and two from we-g1#2 cross) and 2 out of 166 we-g2-targeted mutant G1 flies (one from revealed that the 4 we-g1 G1 flies inherited one allele from the we parent and three 174 different we CRISPR alleles from the injected G0 fathers. We found an identical we deletion 175 of 14 bp (labeled "-3:14D" in Fig. 1E and Fig. 2B ) in both analyzed flies from the we-176 g1#2 cross, suggesting that they inherited the same mutation from their common male 177 founder ( Fig. 2B: we-g1) . Mutant G1 flies of the we-g1#2 line carried two different 178 alleles (4 bp and 10 bp deletions; -4:4D and -5:10D, respectively). All three Cas9-induced 179 alleles are small deletions, causing frame-shifts in exon 2 of the we coding region, and 180 failed to complement the original we mutation. Two we-g2 targeted G1 mutant flies 181 carried two novel alleles, one with a 4 bp deletion (we-g2#4 line; Table 3 ) and one with a 182 long 84 bp deletion (we-g2#5 line; Table 3 ) ( Fig. 2B: we-g2; 84bp deletion not shown).
183
To study genes for which no mutant alleles are available, it would be useful to screen for 184 mutant phenotypes by inter se crossings of G0 individuals in which the germ line has 185 been targeted by CRISPR-Cas9. To test this possibility, we injected we-g3 or we-g2+g3 186 RNPs (Tab. 3; 4 th and 5 th rows). All of the surviving G0 flies, 20 and 38 respectively, did 187 not show somatic mosaicism in the eyes (Tab. 3). When crossed inter se (Tab. 4), we 188 recovered two mutant individuals out of 26 G1 flies (8%) from the we-g3 cross and three 189 out of 184 flies (2%) from the we-g2+we-g3 cross, demonstrating the feasibility of this 190 crossing strategy.
191
Sequencing of the targeted regions in 2 G1 flies of the we-g3 cross identified, as 192 expected, 4 novel we alleles. 2 out of 3 tested G1 flies of the we-g2+we-g3 cross all 193 exhibit identical 9bp deletion we allele at we-g3, most likely derived from the same G0 194 injected parent ( Fig. 2B: we-g3). One of these 3 flies carried a large deletion of 651 bp 195 resulting from duplex targeting with we-g2+we-g3 ( Fig. 2B: we-g2+g3 ).
196
Taken together, our analysis revealed that a cross of 20 and 38 adult G0 flies from Cas9 
220
Approximately 90% of the embryos that failed to hatch (respectively, 90 embryos 221 and 160 embryos; Tab. 5) displayed disorganized cuticular structures. Some were up to 222 50% shorter in size compared to control embryos and consisted of a reduced number of 223 segments (Fig. 3 B) . This phenotype is reminiscent of the pair rule phenotype described 224 for Drosophila 37,39 .
225
The phenotypic variability is likely a result of mutagenesis-caused mosaicism, with a 
252
The use of preloaded Cas9-sgRNA complexes is becoming a successful approach for 253 targeted disruption of genes in a growing number of insect species, including Drosophila 254 melanogaster 27 and Aedes aegypti 29 . To our knowledge, this is the first report showing 255 that the same approach can be used to effectively mutate genes in a major agricultural 256 pest insect such as Ceratitis capitata, with up to 100% mutagenesis rate in the germ line. rapidly degraded, often within few hours after administration 27 ; similarly Kim et al.
259
(2014) reported that Cas9 protein is degraded within 24 h after being applied to cultured 260 human cell lines 17 . As the short-lived activity of Cas9 prevents the induction of late 261 mutational events, this may help to reduce off-target effects and mosaicism of mutant and 262 wild type tissues in the injected individuals.
263
We report here that Cas9-mediated NJEH events generates lesions in the Ceratitis we and 264 Ccprd genes. Targeting the we gene caused red-white eye mosaicism in up to 50% of 265 injected individuals, indicating a very high rate of somatic bi-allelic hits. Transmission of 266 we mutated alleles to G1 progeny was found to be highly effective being close to 100%. 
278
we scored biallelic mutations of the endogenous we gene in G0 somatic mosaics, our 279 efficiency rate of somatic mutation is much higher.
280
Several studies have reported that the simultaneous use of 2 Cas9-sgRNAs is an effective 281 means to generate deletions of sequences between two targeted sites 29,44 . While we-g1 and 282 we-g2 RNPs were individually effective in gene editing, the absence of a deletion 283 spanning the two targeted sites less than 100 bp apart in 4 different series of experiments 284 (at 150 mM and 300 mM KCl) can be explained for example by steric hindrance which prevents that two adjacent Cas9-sgRNA complexes can cut both sites simultaneously. In 286 contrast, RNPs targeting (at 300 mM KCl) two sites more distant of each other e.g. we-g2 287 and we-g3 (489 bp) simultaneously was effective in generating long deletions in both 288 somatic and germ-line cells. Hence it is conceivable that a multiplex CRISPR-Cas9 289 system can be used to remove for instance protein domains encoded by single exons in 290 the medfly.
291
To test the functionality of purified Cas9 protein we established a fast in vivo assay by 292 targeting the Ceratitis zygotic segmentation gene Ccprd. Indeed, this test allows to screen 293 for mutant phenotypes within 3 days and subsequent sequence analysis of the targeted 294 site can be performed to confirm the presence of lesions.
295
CRISPR-Cas9 will be helpful in investigating natural traits of this major agricultural pest, were collected in dishes filled with water and after hatching transferred to larval food (30 311 g, sugar 30 g, yeast extract 30 g, cholesterol stock 10 ml, HCl stock 2 ml, Benzoic stock 312 8,5 ml, water 400 ml). Pupae were collected and stored in dishes until eclosion. 
340
Sequence (including the PAM), the genomic location of the target, the strand (-or +), the GC content of the guide and the Off-targets. Templates for sgRNA production were 342 designed as described by Bassett et al (2013) 23 . Following 3 templates for sgRNA 343 production were generated to target the we gene: 
357
Following 2 templates for sgRNA production were generated to target the Ccprd gene: The PCR was performed using Q5® High-Fidelity DNA Polymerase (NEB). The DNA 369 template was cleaned by phenol/chloroform extractions and EtOH precipitation at -20°C.
370
Following 14,000 rpm 15 min 4°C, the pellet was resuspended in 40µl ddH2O. For 371 synthesis of sgRNA we followed the instructions of Megatranscript T7 kit (Ambion) 372 using 400 ng of target template with 5' flanking T7 promoter as starting material. After
373
RNA synthesis, DNA template was removed by incubating with TurboDNase (Mmessage 374 mMACHINE T7 Ultra Kit, Ambion) for 15 min at 37 °C.
375
The reaction for complex formation was prepared by mixing 1.8 µg of purified Cas9 
378
The freshly prepared mixture was incubated for 10 min at 37°C and kept on ice prior to 
400
The resulting DNA was used as template to amplify the region encompassing the target 401 sites, using the following primers 
